Introduction
Coumarins are naturally occurring benzopyrone derivatives. They have been used largely in the pharmaceuticals, perfumery, and agrochemical industries as starting materials or intermediates. They are also used as fluorescent brighteners, as efficient laser dyes, and as additives in food and cosmetics.
1−3 The natural and synthetic coumarins attract great attention due to their wide range of biological properties, including anticancer, 4 anti-HIV, 5 anti-inflammatory, 6 and antibacterial 7 activities. Plants are the most important source of coumarins, but extraction from plants is tedious and time consuming and needs sophisticated instrumentation. Many synthetic methods, like Pechmann condensation; Perkin, Reformatsky, and Wittig reactions; Knoevenagel condensation;
and Claisen rearrangement have been investigated for the synthesis of coumarins.
8−10
Phthalocyanines (Pcs) were discovered in 1928 11 and from then on these synthetic analogues of the naturally occurring porphyrins have been the subject of extensive research in many different fields. 12 Pcs are planar aromatic macrocycles consisting of 4 isoindole units presenting an 18π -electron aromatic cloud delocalized over an arrangement of alternated carbon and nitrogen atoms. Pcs, remarkably robust and versatile compounds first developed as industrial pigment, have been applied in a wide range of areas such as photovoltaic devices, 13 catalysts, 14 gas sensors, 15, 16 electrochromic displays, 17 and photodynamic therapy (PDT) agents. 18, 19 These properties may be modulated by central metals and a huge variety of substitutions attached to the Pc cores. 20, 21 Photodynamic cancer therapy (PDT) has been developed over the last century because of its potential usage in the treatment of some cancers. PDT uses a photosensitizing agent (PS) that is introduced followed by illumination using light of a specific intensity and wavelength to activate the particular * Correspondence: mbulut@marmara.edu.tr PS agent. Metallophthalocyanines have been used as photosensitizing agents for photodynamic therapy due to their intense absorption in the visible region.
22−27
In this study, we aimed to synthesize and investigate the photophysical (fluorescence quantum yields and lifetimes) and photochemical (singlet oxygen generation and photodegradation) properties of zinc, indium, and metal-free phthalocyanine complexes substituted with 3-(4-phenyloxy)coumarin as potential PDT agents. These properties, especially singlet oxygen generation, are very important for PDT of cancer.
This work also explores the effects of ring substitutions on the fluorescence quenching of zinc, indium, and metal-free phthalocyanines by 1,4-benzoquinone (BQ) using the similar literature. 
Results and discussion

Synthesis and characterization
3-(4-Phenyloxy)coumarin (1) and 4-nitrophthalonitrile or 3-nitrophthalonitrile were added successively with stirring to dry DMF. After stirring for 15 min, finely ground anhydrous K 2 CO 3 was added portionwise over 2 h and the mixture was stirred vigorously at room temperature for a further 48 h. The crude products (2 and 3)
were purified by column chromatography over silica gel using CHCl 3 as eluent (Scheme 
UV-visible electronic absorption spectra
The ground state electronic spectra of the compounds showed characteristic absorption bands in the Q band region at 677/690 nm for 2a/3a, 699/686 nm for 2b/3b, 693/690 nm for 2c/3c, and 699/685 nm for 2d/3d
in DMF. The B band region was observed around 346/334 nm for 2a/3a, 338/333 nm for 2b/3b, 338/334 nm for 2c/3c, and 331/340 nm for 2d/3d in DMF (Table 1) . Theoretical knowledge about the UV-vis spectrum is given in the literature.
24−28 Figure 3A shows a bathochromic shift of 4 nm for compound 2a, with 5 nm for compound 2b in Figure 3B , 3 nm for compound 2c in Figure 3C , 5 nm for compound 2d in Figure 3D , 17 nm for compound 3a in Figure 3E , 15 nm for compound 3b in Figure 3F , 12 nm for compound 3c in Figure 3G , and 10 nm for compound 3d in Figure 3H . The differences of UV-vis spectral changes between peripheral and nonperipheral positions are investigated with atomic and molecular orbital theory in the literatures.
24−31
Photophysical measurements (fluorescence quantum yields and lifetimes)
Fluorescence emission spectra were recorded for compounds 2a/3a, 2c/3c, and 2d/3d in DMF for zinc Pc, indium Pc, and metal-free complexes. The emission peaks were observed at 690/704 nm for 2a/3a, 703 nm for 2c and 3c, and 708/723 nm for 2d/3d ( Table 1 ). The excitation spectra of all the Pc complexes (2a/3a, 2c/3c, and 2d/3d) are similar to the absorption spectra, and they are mirror images of the fluorescence emission spectra. Figures 4A-4D show the absorption, fluorescence emission, and excitation spectra for zinc and indium complexes (2a/3a and 2c/3c), respectively, in DMF.
The fluorescence quantum yields (Φ F ) of the studied zinc Pc, indium Pc, and metal-free complexes are given in Table 2 . The Φ F values of peripherally and nonperipherally substituted zinc Pc and indium Pc complexes were similar and typical of MPc complexes in DMF. The Φ F values of the substituted zinc Pc, indium Pc, and metal-free complexes (2a/3a, 2c/3c, 2d/3d) are lower compared to unsubstituted zinc Pc complex.
Lifetimes of fluorescence ( τ F ) are calculated using the literature. (k F ) of tetra-substituted Pc complexes (2a/3a, 2c/3c, and 2d/3d) were lower than for unsubstituted ZnPc complex in DMF.
Photochemical measurements (singlet oxygen generation)
Theoretical information is given about photochemical measurements (singlet oxygen generation) in the literature.
24−27,32
In this study, the singlet oxygen quantum yield values of the tetra-substituted zinc, indium, and metal-free phthalocyanines (2a/3a, 2c/3c, and 2d/3d) were determined in DMF by chemical method using diphenylisobenzofuran (DPBF) as a singlet oxygen quencher as in the literature. 24 The decreasing of the absorbances of DPBF at 417 nm under the appropriate light irradiation at 5-s intervals was monitored using UV-vis spectrometer. No changes were observed in the Q band intensities of the studied phthalocyanines during the FD determinations, indicating that the studied phthalocyanine compounds were not degraded under light irradiation (30 V) during singlet oxygen determinations. 24−27 Figures 5A-5C show singlet oxygen quantum yield respectively for complexes 2a, 2c, 3a, and 3c in DMF. The Φ ∆ values of 2a/3a and 2c/3c complexes are higher when compared to unsubstituted ZnPc in DMF.
Photodegradation studies
Theoretical information is given about photodegradation measurements in the literature. Figures 6A-6D show absorption changes during the photodegradation studies for complexes 2a, 2c, 3a, and 3c in DMF.
Fluorescence quenching studies by 1,4-benzoquinone (BQ)
The fluorescence quenching of zinc phthalocyanine complexes by 1,4-benzoquinone (BQ) was similar to the literature. Table 2 . The K SV values of the peripherally and nonperipherally substituted Pc complexes (2a/3a, 2c/3c, and 2d/3d) were lower than those of the unsubstituted ZnPc. The substitution with coumarin groups seems to decrease the K SV values of the complexes in DMF. The bimolecular quenching constant (k q ) values of the substituted zinc, indium, and metal-free phthalocyanine complexes (2a/3a, 2c/3c, and 2d/3d) were also lower than those for the unsubstituted ZnPc, but generally substitution with coumarin groups seems to decrease the k q values of the complexes.
Conclusion
The photophysical and photochemical properties of the peripherally and nonperipherally tetra-substituted zinc, indium, and metal-free Pc complexes (2a/3a, 2c/3c, and 2d/3d) in DMF were described for comparison. In solutions, the absorption spectra showed monomeric behavior evidenced by a single (narrow) Q band for 2a/3a
and 2c/3c in DMF but metal-free Pc complex 2d/3d gives a doublet Q band as a result of the D 2h symmetry. (Na 2 CO 3 ), calcium chloride (CaCl 2 ), zinc acetate (Zn(OAc) 2 .2H 2 O), cobalt acetate (Co(AcO) 2 .4H 2 O), and indium acetate (In(OAc) 3 ) were purchased from Acros. Dimethylsulfoxide (DMSO), dimethylformamide (DMF) and acetic anhydride were dried as described by Perrin and Armarego 34 before use. Methanol, n-hexane, chloroform (CHCl 3 ), dichloromethane (DCM), tetrahydrofuran (THF), acetone, and ethanol were freshly distilled.
4-Nitrophthalonitrile, 35 3-nitrophthalonitrile, 36 and 3-(4-phenoxy)coumarin 37 were synthesized according to the reported procedures. 
Equipment
The IR spectra were recorded on a PerkinElmer 100 FT-IR using KBr pellets. 1 H NMR spectra were recorded on a Varian 500 MHz spectrometer in DMSO-d 6 for compounds 1 and 2. Mass spectra were performed on a Bruker Daltonics Autoflex III MALDI-TOF spectrometer. Absorption spectra in the UV-visible region were recorded with a Shimadzu 2450 UV spectrophotometer. Fluorescence excitation and emission spectra were recorded on a HITACHI F-7000 Fluorescence spectrophotometer using 1-cm pathlength cuvettes at room temperatures. The studies of photo-irradiations were done as described in the literature. 
. Singlet oxygen quantum yields
Singlet oxygen quantum yields (Φ ∆ ) of the samples (2a/3a, 2c/3c, and 2d/3d) were determined in DMF by using the photo-irradiation set-up described in the literature.
24−27,38
Photodegradation quantum yields
Determination of photodegradation quantum yields (Φ d ) was carried out as previously described in the literature.
Fluorescence quenching by 1,4-benzoquinone (BQ)
Fluorescence quenching experiments on the substituted zinc, indium, and metal-free phthalocyanine complexes (2a/3a, 2c/3c, and 2d/3d) were carried out by the addition of different concentrations of BQ to a fixed concentration of the complexes (2a/3a, 2c/3c, and 2d/3d) as reported in the literature. water, and dried. The slightly brown products were purified by silica gel column chromatography using CHCl 3 as eluent. 
